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Exploration of topological quantum materials with strong interaction is at the frontier of physics.
Recently, the quantum-limit Chern phase is discovered in the RMn6Sn6 (R = rare-earth element)
family, which hosts pristine kagome lattices and features a variety of magnetic ground states. Here
we research on the interplay between rare-earth element and its topological quantum transport
properties for R = Gd - Tm, Lu. We find these compounds generally exhibit Shubnikov-de Haas
quantum oscillations with nontrivial Berry phases, large anomalous Hall effect arising from Berry
curvature fields, and linear magnetoresistance likely resulting from linearly dispersive electrons.
Moreover, we find the systematic evolution of these anomalous transport properties with different
R may imply a remarkable quantum tuning of its underlying topological band structure, leading to
an intertwined topological and magnetic quantum phase transition.
The interplay between lattice geometry and electron
correlation can create new states of quantum matter
[1–5], with recent examples including twisted bilayer
graphene [6, 7], Kitaev quantum spin liquid [8, 9], and
kagome Chern magnet [10, 11]. A kagome lattice,
consisting of two dimensional corner-sharing triangles,
naturally hosts both relativistic and dispersionless elec-
trons [12, 13], which are the sources of its nontrivial
band topology. With the inclusion of magnetism and
spin-orbit coupling (SOC), kagome electrons can realize
strongly interacting topological phases [10, 14]. Our
earlier study [11] has uncovered TbMn6Sn6, a member
of RMn6Sn6 family [15, 16], to be a near-ideal quantum
limit Chern magnet, while the topological nature of
other members in this family remains largely unexplored,
where the rare earth element may serve as an intriguing
quantum knob. Structurally, compared with the CoSn
type 11 system [17] consisting of a Co3Sn kagome layer
and a Sn2 honeycomb layer, the 166 system features a
pristine Mn3 kagome layer (Figure 1(a)), as the Sn atoms
are pushed away from the kagome layer by the chemical
pressure from R ions. This eventually forms a Sn2-Sn-
Mn3-RSn2-Mn3-Sn-Sn2 layered structure [18]. Moreover,
the 166 compounds all exhibit magnetic ordering at room
temperature, with antiferromagnetic (AFM) ordering for
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non-magnetic R ions and ferrimagnetic ordering for 4f-
local-moment-bearing R ions [19–21]. Considering the
spin-orbit coupling and their strong magnetic order, their
pristine Mn kagome lattice is an ideal platform to search
for topologically gapped Dirac fermions [10, 11] as illus-
trated in Fig. 1(b). Here, we present our systematic study
on the magnetoelectric transport properties for a series
of RMn6Sn6 kagome magnets (R = Gd-Tm, Lu) with a
variety of magnetic ground states (Fig. 1(c)), unveiling
transport signatures of their nontrivial topology and its
interplay with rare-earth element.
We have synthesized single crystals of RMn6Sn6 (R =
Gd - Tm, Lu) via a self-tin-flux method [20, 24]. All
the compounds crystallize in a hexagonal structure, with
slight shrinking of lattice parameters from R = Gd to Lu
owing to the reduced radius of R3+ (Table I). These crys-
tals show typical metallic resistivity profile (Fig. 1(d)),
with large residue resistivity ratio (RRR = ρ300K/ρ2K,
see Table I). All these samples are magnetically ordered
below room temperature as shown in Fig. 1(e). Under
an external magnetic field in the c direction, the net
magnetic moments for Tb, Dy and Ho siblings are
much larger than others, which is consistent with their
magnetic anisotropy [19–21]. The magnetic ground states
for the series can be classified as FIM when R is Gd, Tb,
Dy and Ho, and AFM when R is Er, Tm and Lu, while
the magnetic anisotropy varies from easy-plane for R =
Gd, to easy-axis for R = Tb, and to easy-cone for R = Dy
and Ho (Fig. 1 (c)). The net M for RMn6Sn6 is slightly
reduced with decreasing temperature, which is due to the
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FIG. 1. Crystal structure, physical property and topological
electrons in RMn6Sn6. (a) Defect-free Mn-based kagome
layers and R sublattice in RMn6Sn6. (b) Illustration of spin-
polarized Dirac fermions with a Chern gap in the spin-orbit
coupled magnetic kagome lattice. Arrows show direction of
magnetic moments. (c) Magnetic structures of RMn6Sn6 in
zero field at low temperatures according to Refs. [19–21]. The
blue and green arrows represent the direction of Mn and R
moments, respectively. (d) In-plane ρ(T ) curves for RMn6Sn6
single crystals. Inset: illustration of the crystallographic
orientations. (e) Temperature dependence of magnetization
in RMn6Sn6 series with 1 T external magnetic field along the
c axis. (f) Oscillatory components of magnetoresistance at
2 K for different samples (R = Gd-Dy, Er). (g) Landau fan
diagram for R = Gd-Dy, Er samples. Peak positions in (f)
are assigned with half-integral Landau indexes while valley
positions with integrals [22, 23]. Inset: Zoom-in near N = 0.
anti-parallel coupling between R and Mn atoms and the
strengthened R moment at low temperatures [20].
One remarkable feature of 166 kagome magnets is that
they can exhibit Shubnikov-de Haas quantum oscillations
(SdH QOs)(Fig. 1f). SdH QOs have not been detected in
other family of kagome magnet within fields less than 10T
including Mn3Sn, Co3Sn2S2, Fe3Sn2 [25–33], and are also
rare in compounds with 4f-local moments because the
electron scattering with local magnetic moment would
greatly suppress the quantum life-time [34]. Consistent
Landau quantization has also been detected in our recent
experiment for TbMn6Sn6 [11], where the transport-
tunneling quantization data provide sound evidence for
Chern gapped Dirac electrons from the pristine defect-
free magnetic kagome lattice. Fig. 1 (f) shows discernible
QOs in the compounds of R= Gd, Tb, Dy and Er
which all have FIM or spin-polarized ground states under
magnetic field. No QOs are detected in non-4f-magnetic
YMn6Sn6 and LuMn6Sn6. According to the the Lifshitz-
Onsager quantization rule [34], in SdH QOs, we have
F/BN + γ = N , where BN is the N-th minimum in ρxx,
γ = 1/2 − β, and β is the Berry phase. Fig. 1(g) shows
this typical Landau fan diagram. The intercepts on the
N-index axis all give the phase factor γ close to −1/8,
pointing to non-trivial Berry phases [22, 23, 35]. From
the SdH QOs, corresponding cyclotron massm∗ (Table I)
can be estimated by fitting the temperature evolution of
FFT signal to the standard Lifshitz-Kosevich formula [34]
(see more details in SI). Their light masses (∼ 0.1me)
indicate the topological electrons are likely from the Mn
kagome lattice rather than the heavier R electrons.
To further understand the interplay between rare-earth
magnetism and topological nontrivial properties, we sys-
tematically study their magnetization, anomalous Hall
effect (AHE) and magnetoresistance (MR = (ρxx(H) −
ρxx0)/ρxx0) in Fig. 2. Due to the strong coupling between
4f and 3d electrons [21], the magnetic R sublattice tends
to develop anti-parallel configuration with respect to the
ferromagnetically ordered Mn lattice [20]. Within the
temperature and field range of our measurement, the
M(H) profiles vary for different R elements according to
the above description. Take DyMn6Sn6 as an example,
which has an easy-cone magnetic structure below room
temperature. When magnetic field is applied along
the c direction, the M(H) shows a hard-magnet-like
profile with sharp considerable hysteresis loops below
100 K (top panel in Fig. 2(c)). With increasing external
field, there exists a continuous rotation of the magnetic
moments towards the c axis. Similar phenomena hold
for GdMn6Sn6, TbMn6Sn6 and HoMn6Sn6, except for
different magnetic anisotropy. On the other hand, the
magnetic ground states for ErMn6Sn6 and TmMn6Sn6
are AFM in zero-field [21]. Previous study unveiled
that the magnetic sublattices of Mn and Er(Tm) are
independently ordered in an in-plane AFMmanner below
350 K and 75(60) K, respectively. In particular, a small
external field in ErMn6Sn6 (the first bent ofM(H) in the
top panel of Fig. 2(e)) can drive the Mn sublattice into a
spin-polarized state. As a consequence, the Er sublattice
is also fully polarized, and the Er and Mn moments
are antiparallel [18, 20]. In TmMn6Sn6, the easy-
plane AFM is much stronger than that in ErMn6Sn6,
and the metamagnetic transition occurs well beyond
our measured field range. The magnetic properties of
LuMn6Sn6 is a simplified version of TmMn6Sn6, as there
is no 4f moment [36]. The linear M(H) curves at 2 K
and 300 K are nearly identical when the field is along the
c axis (Fig. 2(g)).
For these kagome magnets, their Hall resistivity can be
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FIG. 2. (a)-(g): Magnetization, Hall resistivity and magnetoresistance of RM6Sn6 at different temperatures. Magnetic field
is along the c axis. Inset of the middle panel in (a) shows the measurement configuration for ρyx. (h) Anomalous Hall
conductivity σAH as a function of σxx for R = Gd-Er. (i) MR in a bilogarithmic coordinate for different samples at 2K,
suggesting quasi-linearity with respect to field.
related to the magnetic moment as [37]
ρyx = ρOH(B) + ρAH(M) = R0B +RS4piM (1)
where ρOH and ρAH represent the ordinary and anoma-
lous Hall resistivity, respectively, B is the magnetic
induction field, R0 and RS are the ordinary and anoma-
lous Hall coefficients, respectively. The middle panel in
Figs. 2(a) to (g) shows ρyx of RMn6Sn6. All the ρyx
resembles the profile of M(H), including the hysteresis
loop, showing large anomalous Hall term. Interestingly,
ρAH in TmMn6Sn6 deviates from the linear profile of
M(H) at temperatures above 100 K (middle panel in
Fig. 2(f)), which might arise from the topological Hall
effect [38, 39] and deserves further attention in future
4TABLE I. Properties of the RMn6Sn6 single crystals. Lattice constants are obtained from refinement of powder XRD. Electrical
properties are measured with current applied in the basal plane and magnetic field along the c-axis. σint refers to the intrinsic
anomalous Hall conductivity. F and m∗ are the frequency and corresponding cyclotron mass of the SdH QOs. vF is the Fermi
velocity and kF is the Fermi wave vector.
R a(A˚) c(A˚)
RRR
(ρ300K/ρ2K)
σint
(e2/h per Mn layer)
F(T) m∗(me) vF (10
5m/s ) kF (A˚
−1
)
Gd 5.536 9.028 56 0.17 87 0.11 5.4 0.051
Tb 5.531 9.023 96 0.14 96 0.14 4.5 0.054
Dy 5.522 9.010 98 0.07 71 0.13 4.0 0.046
Ho 5.520 9.007 59 0.13 - - - -
Er 5.516 8.999 99 0.04 35 0.11 3.4 0.033
Tm 5.514 8.992 32 - - - - -
Lu 5.508 8.985 27 - - - - -
study.
Using Equation 1, we are able to separate the contri-
bution from normal ρOH and anomalous ρAH parts for R
= Gd, Tb, Dy, Ho and Er (see SI). The former is used to
estimate carrier mobilities and concentrations, suggesting
the existence of highly mobile holes (see more details in
SI). We check the scaling relation between the anomalous
Hall conductivity (AHC) and σxx for whole temperature
range by using σAH ≃ ρAH/ρ2xx (Fig. 2(h)). Previous
studies have identified three distinct regimes which are
delimited by σxx and characterized by the dependence
of σAH and σxx [37, 40–42]. For RMn6Sn6, σxx ranges
from 3 × 103 to 5 × 105 Ω−1 cm−1 from 300 K to 2 K,
approximately lying within the good-metal regime. The
σAH keeps nearly invariant in this regime, suggesting
dominant intrinsic contribution arising from the Berry
curvature fields in total anomalous terms. By scaling
fitting (see SI), we further estimate the intrinsic Hall
conductivity σint per kagome layer, as shown in Table I.
Comparing the MR for different samples also gives
hint for topological electrons in these kagome magnets.
As shown in Fig. 2(i), all samples show a quasi-linear
MR behavior (∝ H1.1) at 2 K in strong contrast with
the quadratic MR in compensated metal WTe2 [43]. As
suggested by Abrikosov [44, 45], this linear MR may well
stem from the quantum limit of the linearly dispersive
band.
Our recent study on TbMn6Sn6 [11] has unveiled
that the Chern-gapped Dirac states from FM Mn-based
kagome layers not only result in the SdH QOs, but
also play a dominant role in the large intrinsic AHC.
Considering the resemblance of magnetic ground states
in R = Gd, Tb, Dy and Er and their similar transport
signatures, we propose that the FIM RMn6Sn6 are a
series of FIM kagome magnet with topological fermions.
If we adopt a linear energy dispersion [11], we can
estimate the Fermi velocity vF = ~kF /m
∗ as shown in
Table I, where the Fermi wave vector kF =
√
2eF/~ can
be obtained from SdH QOs [34]. Assuming the intrinsic
AHC is described by Chern gapped Dirac model [46]
from the kagome lattice, σint = e
2
h
∆√
∆2+4~2k2
F
v2
D
, where
∆ is the gap size, we find that the effective Chern gap
FIG. 3. Inferred gap sizes (∆) for the whole series. The dotted
lines are guide to the eye, suggesting overall declination with
R changing from Gd to Er. Inset: A sketch of a Chern gapped
Dirac cone.
gradually closes with increasing atomic number of R.
The exact reason for this gap closing behavior is still
a mystery, as the lattice constant, magnetic structure,
and band filling are all evolving. In the fundamental
kagome tight-binding model, the Chern gap is simply
determined by the atomic SOC which increases with the
atomic number. Crucially, in RMn6Sn6 system where
the magnetic moments of R and Mn are anti-aligned,
their atomic SOC can feature opposite signs as well.
Thus, one natural reason for the reduced Chern gap is
that the increased atomic SOC of R may complete with
that from Mn kagome lattice. Moreover, the atomic
number of R simultaneously controls the magnetic
competition between Mn-R-Mn FIM interaction and
Mn-Mn AFM interaction, with ErMn6Sn6 lying at the
border between FIM and AFM ground states. Therefore,
our measurements and analysis taken together suggest
an intertwined topological and magnetic quantum phase
transition in this kagome magnet family. A complete
understanding of this intriguing phase diagram would
5requires a comprehensive many-body theory considering
topology of magnetic kagome electrons and rare-earth
interactions, including magnetic exchange coupling,
spin-orbit coupling and chemical pressure.
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